Introduction
Humidity sensors are important for monitoring, detecting and controlling environmental humidity levels, with applications in a number of areas including: indoor/outdoor climate control, the semiconductor and food processing industries, for medical applications, and for monitoring human activity. 1, 2 Over the decades, a range of materials have been used in humidity sensors, including organic, inorganic and hybrid materials. 3 Generally, an ideal humidity sensor material requires high sensitivity, a wide humidity detection range, a quick response and short recovery time, as well as the potential for inexpensive large scale fabrication. 5 Humidity responsiveness normally relies on the total area of the sensing material exposed to moisture molecules; thus a range of different humidity sensitive materials with large specific surface areas have been developed in recent years, including: metal oxide nanorods or nanotubes, 6, 7 semiconductor nanoparticles or nanowires, [9] [10] [11] and carbon nanotubes. 12, 13 These materials have shown improvements in the sensitivity. However, for applications requiring fast sensor response and rapid recovery time, new humidity sensing materials are still required.
Recently, two-dimensional (2D) nanomaterials with layered structures have been widely studied for sensor applications because of their high specific surface area. 14 Graphene, the first member of the 2D materials family to be isolated, is a two-dimensional material of one carbon atom thickness that has great potential for ultrasensitive detection because of its high surface area and exceptional electrical properties. 15 Highly sensitive gas sensors based on graphene have been widely investigated. 20 However, pristine graphene shows low sensitivity for moisture detection due to its hydrophobicity and high intrinsic electrical conductivity. 21 Graphene oxide (GO), is a highly promising humidity sensing material. 8, 23 GO is a graphene derivative based on the 2D honeycomb structure of sp 2 carbon atoms, but containing numerous hydroxyl, carboxyl, and epoxy groups, which modify the chemical bonding and planarity of the 2D graphene sheet, the latter by introducing tetrahedral sp 3 carbon centres. 26 These functional groups can interact with oxophilic water molecules and generate protons, leading to a decrease in electrical impedance. Although various humidity sensors based on GO have been investigated in the last several years, 4, 8 the sensitivity of GO sensors still needs improvement. Recent experimental results suggest that the properties of GO-based humidity sensors can be improved by using larger size GO sheets; this should increase the effective proton transport length, because sheet-to-sheet junctions or boundaries will block the proton transport path. 28 However GO also shows a similar response to the presence of NH3 and NO2. 29 Other 2D materials, such as transition metal dichalcogenides (TMDCs) 25 and black phosphorus (BP) 30 also show potential for high performance humidity sensing applications. BP has been reported as responding to humidity yet showing no or only slight response to H2, O2 CO2 30 and an increase in resistivity on exposure to NH3, 31 hence suggesting a better performance as a humidity sensor. However, these previous studies using BP have not used scalable manufacturing methods to fabricate the sensors.
2D layered sheets of graphene family materials in particular GO, can be readily produced in large quantity by liquid-phase exfoliation to form stable 2D material suspensions in various solvents that can subsequently be used as functional inks. 32, 33 This makes them promising for large scale and low-cost manufacture through solution processes, such as inkjet and other printing routes. Hu et al. demonstrated a BP ink formulation for inkjet printing of optoelectronic devices. 34 However, they used a two-step process for Please do not adjust margins Please do not adjust margins based on 2D materials, such as vanadium disulfide (VS2) 22 and reduced graphene oxide (rGO). 50
Conclusions
In summary, we have presented fully inkjet-printed, ultra-sensitive humidity sensors with fast dynamic response, using 2D layered structures of either GO or BP as sensing materials combined with silver nanoparticle electrodes. As the relative humidity level increased from 11 to 97%, the response capacitance of the GO and BP sensors increased by four orders of magnitude at 10 Hz frequency, which show ultrahigh capacitive sensitivity factors of 4.45 x 10 4 and 5.08 x 10 3 respectively. Moreover, the measured response and recovery time of both the GO and BP sensors are within a few seconds. The GO and BP sensors show a rapid dynamic response to fingertip proximity, which provides a new concept for contactless switching. Overall, this work has demonstrated a low cost and scalable method for producing of high performance humidity sensors for printed electronics.
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